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ARTICLE INFO ABSTRACT

Keywords: Side impact crashes are one of the most dangerous impact scenarios that a child can suffer.
Biomechanics Studies by the National Highway Traffic Safety Administration (NHTSA) have shown that the
Crash

head and Thorax regions are affected severely. The objective of this work is to perform a nu-

Chﬂ,d . merical evaluation of the oblique pole-side test considering the FMVSS 214-P standard to estimate
Oblique pole-Side test e . . is . .
PIPER the Head, Neck, and Thorax injuries for a six-year-old child positioned in the rear seat without

any Child Restraint System, two configurations were performed for the oblique pole-side impact:
a nearside and a far-side positioning configuration. A six-year-old Human Body Model (HBM)
denominated Scalable PIPER Child Model, and the Ford Explorer 2003 were used to perform the
test in the LS DYNA® software to assess the biomechanics involved in the crash scenarios. The
approach considered a comparative case study with the baseline of the six-year-old child PIPER
model to ensure that the positioning adjustment has not affected the mesh quality and interior
components for the PIPER child model. The outcomes obtained in case 1 show that the modified
PIPER child model has slight outcomes at the shoulder and pelvis zone due to the differences in
the body positioning and not by the mesh or the interior interaction between the components. The
outcomes obtained in case 2 reflect that the nearside setup obtained the higher measurements for
the child occupant. The Acsps for Head at nearside test to overcome the Side Criteria established
by the Assessment Protocol Child Occupant Protection by Euro NCAP, the kinematics behavior
demonstrates the importance of researching children in side crashes to enhance child security,
especially in the oblique pole side impact.

1. Introduction

Motor vehicle crashes (MVCs) have been one of the leading health problems over the last decades in the countries. Since passive
safety was introduced in the automotive industry, the risk of injury or death decreased. In the beginning, passive safety was focused on
enhancing driver and frontal occupant protection (most commonly male adults); later, safety began to be developed to improve child
protection in frontal crashes. Despite the efforts that were made, child safety is still lagging due to the lack of studies on children’s
interaction during side-impact and oblique pole-side collisions. Road traffic injuries are the leading cause of death in children aged
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5-14 years in the American region, according to studies by the Pan American Health Organization (PAHO), and one of the leading
causes of death for children and young adults aged 5-29 years across several countries [1,2]. As a result, 500 children die on roads
globally every 24 h, according to the UN Road Safety Fund (UNRSF) [3] The United Nations International Children’s Emergency Fund
(UNICEF) shows that injuries in Developed Countries have reported 40 percent of deaths in the age of 1-14 years [4].

According to EURO NCAP, side impact is the second leading cause of death and injuries in Europe [5]. In the case of children, side
impact collisions represent one of the most severe injuries and fatalities percentages of occurrences, and the information about injury
mechanics is limited [6-8]. Statistical data shows the most common injuries in a side crash included the Head, Chest, and Lower
extremities [9]. According to the literature, the Head, the lower and upper extremities, the Thorax, and the abdomen were the main
body regions with the most significant injuries for children [10]. Several regulations enhance occupant protection during an oblique
pole-side impact, such as the Federal Motor Vehicle Safety Standards (FMVSS) 214 by NHTSA [11], the NCAP protocol [12], the Global
Technical Regulation (GTR) No.14 [13], and others. Road Traffic Regulators proposed the protocols to represent a vehicle traveling
sideways into a rigid roadside, such as a lamppost or tree [11,12,14]. However, these regulations do not include the use of child
dummies to understand their kinematic behavior and the injuries that can be reached in body regions such as the Head, Thorax, and
Pelvis.

Numerical oblique pole-side impacts reported in the literature show that the main purpose is to develop alternatives to reduce
injuries in adult occupants positioned in the right and left frontal seat [12,15]. On the other hand, some studies were focused on
performing an oblique pole-side impact through a sled test to obtain the body injuries with less computational effort and less time [16,
17]. According to the literature, no studies have been reported on child interaction in an oblique pole-side test. The use of child
dummies during lateral crash tests is not well defined because the models were developed for frontal crash tests. Child models such as
the Hybrid III 6yo and the Q6 have been evaluated in lateral tests, but they have not performed well. On the other hand, HBM models
have shown an alternative way to perform different crash tests, such as the PIPER scalable child human body model developed by the
EC Funded PIPER project [18], also known as the PIPER child model. The child model has its application in some articles where the
main topics were evaluating Child Restraint Systems (CRS) for different child age groups, crash scenarios where the CRS is positioned
correctly and with the most common misuses, and accident reconstruction to determine child kinematics behavior [18-31].

This research aims to assess the kinematic behavior and the estimated injury values of a six-year-old child during an oblique pole-
side impact. Some crash conditions were applied for the numerical crash test: The FE Explorer 2003 was tested according to the FMVSS
214, and the measurements were compared with the Vehicle Crash Test Databases by NHTSA 4471 [32], 4563 [33], and 4564 [34].
The rear seat was updated with a padding of foam DAX 55, a time interval of 200 ms was defined, and the no use of a CRS was decided
following some investigations where constants misuses of a CRS is a highlighted problem, and the no use of a CRS is a real-world
problem in many countries [35]. The structure of the paper was defined as follows: in the section Materials and Methods, a
comparative analysis of the PIPER child model with the baseline model in two lateral validation tests was performed to compare
whether the values from this region are similar or the measurement has some inconsistencies due to the positioning adjustment.
Findings from the oblique pole-side impact have shown that the child passenger suffered an important sliding into the seat caused by
the absence of a CRS, and the shoulder belt slipped off the thorax region, creating a higher pressure on the neck, and the injuries
increased.

2. Materials and methods

The numerical oblique pole-side test performed in this research was proposed to obtain the behavior of a six-year-old child due to
any child dummy in the FMVSS 214 being considered. The study is divided into two cases. First, a lateral body evaluation is performed
in LS DYNA® to compare the values reported by the baseline PIPER child model with respect to the values obtained by the PIPER child
model adjusted to the position of the Explorer’s rear seat. The first case is proposed to determine that the child’s positioning required
does not affect the baseline parts, and the measurements due to a positioning process can affect the mesh quality and create negative
volumes and contact problems between the body parts, so an adjustment was carried out with the PIPER software tool (v.1.1.0) The
second phase involved a numerical oblique pole-side impact using the child model established in the first case.

The child is restrained using a three-point seatbelt with no retractor and pretensioner, following the Ford Explorer 2003 specifi-
cation for the seatbelts of the second-row seats. The three-point seatbelt consists of unidimensional (1D) and two-dimensional (2D)
with a defined geometric for the belt webbing of 47 mm for the width and a thickness of 1.2 mm. The seatbelt was modeled with the
BELFIT tool of the LS-Prepost® 4.8 version. In the case of the 1D elements, the card *Section_seatbelt is used, and the constitutive
material model by card *B01_Seatbelt was applied with the following properties: a mass per unit length of 8.0 x 107 kg/mm to define
the stretch characteristics and mass properties for the elements and curves to represent the change of length by the force applied [36].
For the 2D elements, an orthotropic membrane behavior as fabric material is replicated with a membrane shell element formulation,
with the parameters ICOMP = 1 and B1-B2 angles of 0 and 90°, respectively. The material applied for the 2D elements was assigned a
Fabric constitutive material formulation (Mat_Fabric) with the following properties: a mass density of 1.0 x 10" kg/mm?, a young
modulus of 2 GPa in the longitudinal and transverse directions, a Poisson’s ratio of 0.3 in both directions and a shear modulus of 0.769
GPa [36].

The 2003 Finite Element model Ford Explorer SUV developed by the Center for Collision Safety and Analysis (CCSA) in conjunction
with NHTSA was set up for the numerical oblique pole-side crash test (Fig. 1). The baseline Explorer 2003 model consists of 923 parts,
724628 nodes, and 714205 elements divided into 680288 shell-type elements, 33690 solid elements, and 185 beam elements; the
vehicle’s total mass is 2024.6 kg [37].
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2.1. Child models

Table 1 summarizes the parameters from the HBM PIPER six-year-old child model (Fig. 2). This HBM provides a detailed body child
model due to it considers bones, muscles, organs, and anatomical data material in contrast to the Anthropomorphic Test Device (ATD).
The model consists of 407 parts describing the anatomical structure and material properties, a total of 139596 nodes, 540058 solid
elements, 190527 shell elements, and 751 beam elements. The model mass is 23 kg with a standing height of 1146 mm [18,28,38].

2.2. Dummy positioning process

First, the PIPER six-year-old child model needs to be imported into the PIPER software tool (v.1.1.0) as metadata following the code
structure. Table 2 shows the angles applied to the Head, Cervical spine, and lower and upper extremities to reach the position required.
The angles were used considering the world reference system for the Head and Cervical Spine rotation. For the other body part, the
rotation is relative between the components involved. Following the system reference in Fig. 3, the rotation angles are positive for
clockwise rotation and negative angles for anticlockwise.

The pre-position module is used to reposition the body parts to a target position. Before the process began, some pre-position pa-
rameters were adjusted: the affine density was increased to 300/m> and the target stiffness was set to 1 x 10°. This process was selected
to improve the quality of the skin deformation and the stiffness of the joints. The tool frame-to-frame was used for the Head and the
Cervical Spine. With this tool, a relative frame for every cervical vertebra was established with the angle defined along the y-axis in
Table 2, the angles were defined with respect to the world reference. For the rotation is necessary to fix every bone apart from the
Cervical Spine and the Head. For the lower and upper extremities, the tool joint controller was applied, and the body parts that were not
involved in the movement of the body region needed to be fixed. The joint and the angles of rotation were according to the values
established in Table 2.

Once the pre-positioning is completed, a postprocessing process is needed for the skin and bone corrections for the rotated body
parts. The skin mesh adjustment is made with the Smooth Surface tool, and bone corrections are made using the Kriging module. The
Smooth Surface fixes the skin-distorted elements according to the parameters established in Table 3. The corrections for the volume
elements with distortions are made with the Kriging module with the parameters shown in Table 3. After the process is applied, a Scaled
Jacobian metric is computed with the tool Color by quality to compute the element quality. Additionally, the Mesquite Quality Metric
was defined to check 2D and 3D elements, searching for elements with an inverse mean ratio.

2.3. Case study 1

The PIPER child model adjusted to the rear seat Ford Explorer position was subjected to a two-lateral test performed in the Baseline
Model by the PIPER project [38]. A shoulder evaluation test according to the test corridors by Irwin et al. [39] and a pelvis evaluation
by Ouyang et al. [40] were used to check if the target position defined affects the sensitivity of measurements from the child model.

2.3.1. Boundary conditions of case study 1

The shoulder test for the baseline PIPER child model was performed by Beillas et al. [19,38]. This test established that a rigid
impactor of 2.9 kg hits the shoulder with a velocity of 4.5 m/s. The data collected from the evaluation test is the force and the
displacement vs time. The upper and lower limits were based on the report by Irwin et al. [39]. Fig. 4a shows the baseline model, and
Fig. 4b shows the modified PIPER child model for the shoulder evaluation.

The pelvis evaluation test follows the previous test performed on the baseline model by Beillas et al. [38]. The test evaluates the
pelvis response obtained by the interaction with a plate impactor covered with Sorbothane and a fixed opposing plate covered with
neoprene foam for a time interval of 30 ms. The pelvis measurement force vs impact displacement was compared with the reported
values by Ouyang et al. [40]. Fig. 5b shows the modified child model at the pelvis test evaluation.

Fig. 1. Baseline Ford Explorer 2003 model.
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Table 1
Properties from the FE child models.

PIPER six-year-old child model

Body parts 407
Nodes 139,596
Solid elements 540,058
Shell elements 190,527
Beam elements 751
Mass (kg) 23

Fig. 2. PIPER six-year-old child model.

Table 2
Angles for the positioning adjustment.
Body region Reference part Y-axis Tool for the rotation
Head Skull 8° Frame to frame
Cervical Spine Atlas, axis Third, fourth, fifth, sixth, and seventh cervical -10° Frame to frame
Left upper extremity Glenohumeral —-12° Joint controller
Elbow 20° Joint controller
Wrist 0° Joint controller
Right upper extremity Glenohumeral —12° Joint controller
Elbow 20° Joint controller
Wrist 0° Joint controller
Left lower extremity Hip —12° Joint controller
Knee -50° Joint controller
Patella -20 Joint controller
Ankle 0° Joint controller
Right lower extremity Hip —12° Joint controller
Knee —50° Joint controller
Patella -20 Joint controller
Ankle 0° Joint controller
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Relative reference
system for joints

World reference
system

Fig. 3. PIPER child model in the PIPER software framework.

Table 3
Surface and volume smoothing parameters.
Body part Smooth surface parameters
Number of iterations Passband value
Head skin mesh 50 0.05
Neck skin mesh 50 0.05
Thorax skin mesh 50 0.05
Upper extremity skin mesh 80 0.04
Lower extremity skin mesh 80 0.04

Kriging module parameters

Head 50 0.04
Cervical Spine 50 0.04
Upper extremity 50 0.04
Lower extremity 50 0.04

Fig. 4. Shoulder lateral test evaluation a) Baseline PIPER child model b) Modified PIPER child model.



J.L. Torres-Ariza et al. Heliyon 10 (2024) e35927

Fig. 5. Pelvis test evaluation a) Baseline model b) Modified PIPER child model.

2.4. Case study 2

An oblique pole side test setup under the FMVSS 214-P by NHTSA was performed to determine the injuries and the kinematic
behavior of a six-year-old child during a crash where the vehicle skidded in slippery conditions and hit a pole or a tree.

2.4.1. Boundary conditions of case study 2

The baseline Explorer 2003 model was setup for the numerical oblique pole-side crash test. Table 4 shows a comparative weight
distribution between the FE Ford Explorer adjusted for the oblique pole-side test to reach an approximate As Tested Vehicle Weight
(ATW) as the Explorer vehicle used in the vehicle crash test databases 4471, 4563, 4564 [32-34].

The time interval defined for the oblique pole-side test is 200 ms, and the test velocity and the impact direction were established
according to the test protocol FMVSS 214. The rigid pole was modeled following the geometry and the material properties with a
diameter of 254 mm and a rigid material. A Contact_Automatic_Surface_To_Surface between the Ford Explorer and the Rigid pole was
defined with a soft constraint formulation SOFT 2 and a segment-based contact type 3 (SBOPT). Fig. 6 show the oblique pole-side test
with the child positioned at the lateral impact test (nearside configuration), and Fig. 7 shows the child positioned opposite to the pole
impact (far-side configuration).

Additionally, the FE Explorer model was updated in some parts. The front and rear glass from the left windows were deleted to
replicate the inside glass into the door from the laboratory test procedure. The rear seat was updated, adding a padding of 30 mm with
the foam DAX 55 to the seat structure. The foam was modeled using the constitutive material model *Mat_Low_Density_Foam. The seat
cushion and seatback foam were attached to the seat structure with a Constrained Nodal Rigid Body definition, and a Con-
tact_Automatic_Surface_To_Surface was added between the components.

The contacts between the child and the Ford Explorer interior were established with the card
Table 4
Comparative vehicle weights.
FE Explorer 2003 - Oblique test Vehicle Crash Test Databases (NHTSA)
4471 [32] 4563 [33] 4564 [34]
Report Number: Report Number: Report Number:

TO11-MGA-2003-001

TO11-MGA-2003-006

TO11-MGA-2003-004

Unloaded Vehicle 2120.69 kg 2138.7 kg 2103.8 kg 2093.3 kg
Weight (UVW)

Dummy Weight/ - Additional mass (71.5 kg)/left ES-2 (72.4 kg)/Left frontal SID-IIs (44.1 kg)/Left frontal ~ SID-IIs (44.1 kg)/Left frontal
Configuration frontal seat seat seat seat

- Child 6yo (23 kg)/Right rear seat

Ballast in Cargo Area 0 0 0 0
(kg)

Amount of water in 37.5 lts converted to 37.5 kg 0 lts 37.81ts 30.3 Its
Fuel Tank distributed additional mass in the fuel

tank

As Tested Vehicle 2234.32 kg 2218.6 kg 2218.6 kg 2218.6 kg
Weight (ATW)

Test Velocity 31.7 km/h 31.7 km/h 31.9 km/h 31.7 km/h
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Fig. 6. Test setup for the nearside oblique pole-side impact.

*Contact_Automatic_Surface_To_Surface with a static and dynamic coefficient of friction equal to 0.2, a soft constraint formulation
SOFT 2 and a SBOPT 3 with a DEPTH 5. The seatbelt interaction with the child used the same contact definition mentioned with a

Fig. 7. Test set up for the far-side oblique pole-side impact.

change in static and dynamic coefficient of friction equal to 0.25.

Force (kN)

= = == LOWER LIMIT

& = = = UPPER LIMIT
0.8

PIPER_6YO_BASELINE

06 PIPER_6YO_MODIFIED_POSITION

0.4

0.2

Time (ms)

Fig. 8. Force vs time for the shoulder evaluation test.
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3. Results

For both case studies the numerical simulations were run using a HPC cluster node with 4 Intel Xeon Platinum 8276L CPUs limited
to 80 cores for run the model with LS DYNA R14 MPP single solver.

3.1. Case 1: Lateral evaluation test

For the lateral evaluation test, a 40 ms time interval was performed, and measurements were taken every 1 ms for the shoulder and
pelvis region. Figs. 8 and 9 show the comparative response for the force and the deflection obtained for the PIPER six-year-old child
model adjusted to the rear seat versus the baseline model. Both models overcome the upper limit value. This behavior was also shown
by Beillas et al. [19]. The responses for both models do not show a significant difference in the maximum and minimum values ob-
tained, so the modified child model was not affected by the position and orientation adjustments in the body parts, joints, and contacts
from the interior components.

Fig. 10 shows the evaluation for the pelvis zone. According to the values obtained for the modified model, the repositioning process
does not affect the response of the baseline model.

3.2. Oblique pole side crash analysis

The data collected from the case studies was filtered using the software DIADEM®. The time interval for the test is 200 ms, with
data measurement for Head, Thorax, and Pelvis every 0.1 ms (simulating a sampling rate of 10 kHz). The filters applied for the signal
are according to SAE J211 [41]: for the Head and Neck, the filter is CFC 1000, while for the Thorax, a CFC 180 was selected and CFC
600 for pelvis data. Figs. 11 and 12 show the kinematic behavior of the PIPER six-year-old child model during the numerical simulation
of the oblique pole-side impact for two rear seat positions: the first position in the Child positioning in the side of the impact (nearside)
and opposite (far-side). Both configurations can be divided into four stages of great interest: before the accident with a constant ve-
locity (0 ms), at the vehicle impact into the rigid pole (30 ms), during the interaction between the rigid pole and the vehicle (30-160
ms), and the rebound phase (160-200 ms).

According to the sequence obtained, it is appreciable in the far-side impact that the child lost contact with the seatbelt after 100 ms.
One of the main reasons is the seatbelt does not fit properly with the child’s body, causing the child to slide along the seat cushion. For
the nearside impact, at 80 ms a first contact between the child and the lateral door is observed. The first contact is made with the arms,
leg, and Thorax. Subsequently, at 120 ms, the contact between the Head and vehicle door happened, and a severe bounced-back effect
was not appreciated due to the Explorer not backing up with a high velocity.

3.2.1. Head measure

The Head Injury Criteria at 15 ms (HIC;5) and the Resultant Acceleration at 3 ms (Acsms) Were proposed to evaluate the data for the
Head region. Table 5 shows the head injury criteria for an ATD Q6 child model established in the Assessment protocol Child Occupant
Protection by EURO NCAP [42]. The limits show that only the nearside oblique pole-side configurations performed overcome
approximately 20 % of the Acgy,s limit, the other head criteria measurements are not within the range sufficient to cause a significant
head injury.

The higher head criteria were obtained in the nearside configuration due to the child’s head hitting the vehicle door panel. The FE
Explorer 2003 does not have door trim, resulting in the steel door material increasing the injury peak value if it is compared with the
child’s behavior in the far-side configuration where the head interaction was with the seat foam. Fig. 13 shows the HIC;5 and Acsps
curves for both crash test configurations as a function of time.

3.2.2. Neck

Neck injuries were obtained considering the resultant force in the upper neck. The measurement in the PIPER child model was
considered in the C2-C3. This measure needs to be taken with some limitations due to the Q6 having a different zone of measure.
Table 6 shows the resultant force obtained by the oblique test in both configurations. The far-side configuration has a higher resultant

Deflection (mm)

LOWER LIMIT
== = = UPPER_LIMIT
PIPER_6YO_BASELINE
PIPER_6YO_MODIFIED_POSITION

0 5 10 15 25 30 35 40

2
nméotms)

Fig. 9. Deflection vs time for the shoulder evaluation test.
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BASELINE HBM PIPER 6yo

MODIFIED HBM PIPER 6yo

0 [

Force (kN)

-5 L} 15 25 35 45 53 65
Deflection (mm)

Fig. 10. Force vs deflection for the pelvis test.

Fig. 11. PIPER six-year-old child kinematics in oblique pole-side impact at nearside impact.

force since the child has a slide movement along the seat due to the child losing contact with the seatbelt due to the absence of a CRS,
and neck rotation was observed according to the child kinematics shown in Fig. 12 for the far-side test. Fig. 14 illustrates the upper
neck measurements at the three axes and the resultant force as a function of time. Fig. 15 reports the criteria evaluation reached by the
PIPER six-year-old Child model during both oblique pole-side setups with the EURO NCAP values (see Table 7).
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150 ms

Fig. 11. (continued).

3.2.3. Thoracic spine
The thoracic spine’s Resulting acceleration at 3 ms was filtered with CFC 180. Based on the kinematics response, the maximum
peak acceleration for the nearside configuration occurs at 105.35 ms when the child hits the lateral door for the first time. The far-side
maximum peak acceleration is reached at 105.25 ms when the seatbelt reaches the maximum displacement, and a high force of re-
straint is applied to the child’s pelvis region. Fig. 16 shows the curves from the thoracic acceleration at 3 ms for both configurations.
The pelvis acceleration in the three axes is reported as a complementary measurement due to the pelvis region having two in-
teractions of great interest: the lap belt contact with the pelvis during the far-side configuration and the hit with the lateral door during

10
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Fig. 12. PIPER six-year-old child kinematics in oblique pole-side impact at far-side impact.

11
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Fig. 12. (continued).

Table 5
Head criteria obtained for the oblique pole side test.
Head Criteria Oblique pole-side far-side configuration Oblique pole-side nearside configuration EURO NCAP [42]
Higher Limit Lower Limit Capping
HIC;5 164.5 506.7 500 700 800
AC3ms 416 ¢g 96.8¢g 60g 80¢g 80¢g
Ac max 153.45¢g 113.49¢g - - -

12
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®)

Neck criteria obtained for the oblique pole side test.

— Head Acceleration Resultant. CFC 1000.
ACmax=15345 (157.00 ms).

Ac,,, Comulative Time initial = 144.15 ms.
Ac,.. Comlative Time end = 160.25 ms

HIC, Time initial = 144 .55 ms.
HIC, Time end = 138.55 ms.

Head Injury Criterion. HIC< 700.

HIC, .= 164.5. Accomplish with EsroNCAP.

sltant Acceleration. Ac <802

Ac, =416 g. Accomplish with EsroNCAP.

— Head Acosleration Resultant. GFC 1000,
ACmax=11349 ¢ (123.15 ms).

Ac  Comulative Time initial = 119.85 ms
Ac,.. Comufative Time end = 123.95 ms

HIC, Time initial = 119.05 ms.
HIC, Time end = 125.10 ms.

80z

accomplish with Esrc

Fig. 13. HIC;5 and Acsms for the PIPER six-year-old child (a) far-side (b) nearside.

Neck Criteria

Oblique pole-side far-side configuration

Oblique pole-side nearside configuration

EURO NCAP [42]

Higher Limit Lower Limit Capping
Resultant force 0.775 kN 0.585 kN - 2.4 kN -
Table 7
Thorax criteria obtained for the oblique pole side test.
Thorax Criteria Oblique pole-side far-side configuration ~ Oblique pole-side nearside configuration =~ EURO NCAP [42]
Higher Limit  Lower Limit  Capping

Resultant 3 ms acceleration 22

45

- 67 g

13
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Fig. 14. Upper neck forces by the PIPER six-year-old child (a) far-side (b) nearside.

the nearside configuration. The pelvis was not compared with any injury criteria due to any value found by Road Traffic Regulators for
a child in a side impact. Fig. 17 shows the curves for both configurations filtered with CFC 600.

4. Discussion

The present work introduces an oblique pole-side test focused on the child’s interactions with the vehicle interior to determine the
body regions of interest and the injury criteria suffered by the child during the test. The child was positioned in the right rear seat (far-
side impact) and the left rear seat (nearside impact) to represent a typical scenario where the child was positioned without any
guidelines established by Road Traffic Regulators. For this numerical test, a CRS is not used, and the six-year-old child is only
restrained by a 3-point seatbelt to find possible injuries in regions such as Head, Neck, and Thorax.

The lateral test was proposed as a complementary test to check the sensibility of the modified HBM PIPER and evaluate if the FE
model was not affected during the positioning process in the PIPER software tool (v.1.1.0). The data from case 1 show a slightly non-
significant difference in terms of the peak values reached and the path of the curves obtained in the shoulder and pelvis regions.

The FE FORD Explorer 2003 for the oblique pole-side impact was evaluated against the Explorer vehicle used for the crash tests
4471, 4563, and 4564 [32-34]. The FE FORD Explorer has an increment of 0.7 % on the ATW due to the numerical model incor-
porating the weight of the child. The acceleration data from the accelerometers of the FE model was correlated with the data from the
laboratory test procedures according to ISO/TS 18571 [43]. The correlation of the signals was located at R3, which is a fair grade.
Fig. 18 shows the acceleration responses from the FE model with the basic reference of the v4564 signal for y acceleration at the rear
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Fig. 15. Resultant force at the upper neck (a) far-side (b) nearside.

right seat. The model was tested with the original boundary conditions from the baseline FE Explorer model, but the correlation from
the signals was worse, so new contact formulations between the interior components were applied to reach the actual accelerations
data (defined by materials and methods) this behavior was not found in the numerical frontal test that were performed before by the
IPN Biomechanics Applied Laboratory [44,45].

The results obtained by the Piper Child model in the oblique pole-side impact showed some factors that have the potential to affect
the injury outcomes suffered by the child. These factors were the child-door interaction, the seatbelt, the child’s posture, the child’s
anthropometric dimensions, and the lack of a CRS. Additionally, it was observed that if the lap and shoulder belts did not fit properly,
the shoulder belt slipped off the shoulder, exerting pressure on the neck, increasing the head excursion and a higher injury risk into the
Head, Thorax, and Neck. The findings suggests that the values obtained indicate that the sliding behavior observed needs a more
detailed study to define better contact interaccién between the child and the seat, also an improcedente of the geometric and material
properties of the seat. Therefore, additional numerical and experimental tests should be carried out to establish the influence exerted
by the parameters set out before. The Side Impact Criteria selected to compare the injuries obtained in the nearside and far-side impact
configuration were according to the EURO NCAP because other traffic regulators do not have well-defined injury criteria for side
impact where the limits for the different body regions of a child are defined. Also, the criteria were considered with limitations because
these criteria are not defined for an oblique pole-side impact. The NCAP protocol for the Side Impact Mobile Deformable Barrier testing
protocol defined the criteria.

The study has some limitations. First, the FE Ford Explorer was adjusted to the ATW. Still, the exact distribution of vehicle weight as
the databases for the frontal and rear zone cannot be replicated precisely. The measurements have differences from the experimental
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Fig. 16. Thoracic spine resultant acceleration by the PIPER child a) far-side b) nearside.

model for several reasons, such as the FE Explorer does not have the same number of components, the thickness for the components
differs from the fabricated model, the materials properties, and the numerical model does not have the same welding points. The
formulations for the contacts between the components affect the data collected from the model, producing higher variations in the
correlation between the laboratory signal and the numerical. Additional tests need to be performed to investigate the influence of the
previous factor on the Explorer measurements in a lateral test. Another limitation is that the PIPER child model neck has an excessive
neck rotation during the oblique pole-side test, so an additional test is proposed to check if the neck’s materials occasioned the
behavior or if contact with the seatbelt produced it. The study can be extended in the future with more numerical or experimental tests
with different vehicles, the use of other Child HBMs and child ATDs, and the incorporation of the different CRSs available in the
market.

5. Conclusion

The data obtained in this work provides a first perspective on the importance of conducting oblique pole-side impact studies to
understand children’s behavior in this crash configuration and the importance of emphasizing the use of Child Restraint Systems in
countries where CRS are not considered for child security.

The evaluations proposed demonstrate that a positioning process with the correct postprocessing has no impact on the skin mesh,
the body geometry, and contacts from the interior of the body model. The slight differences at peak values or the path signal can be
correlated to the change of position of the impact and the contact area between the model and the impactor.

The results obtained through the oblique pole-side test show that the HBM omnidirectional property has the potential to provide
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Fig. 17. Pelvis acceleration by the 6yo PIPER a) far-side b) nearside.

significant data on child responses to different child road traffic injuries. However, some revisions need to be made to the vehicle and
child model. The Explorer model needs to consider more vehicle interior components, such as door trims, detailed rear seats, and a
revision between the contacts defined to the vehicle components. In contrast, the PIPER child model needs an evaluation of interior
body parts such as the Head and Pelvis regions because they are the body regions with more noise for the data collected.

For both oblique pole-side impacts, the HBM PIPER interaction with the rear seat demonstrates that the submarine effect needs to
be addressed by posterior researchers.
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